Introduction
To a large degree, the sympathetic nervous system (SNS) stabilizes blood pressure and mediates the cardiovascular adjustments required of various behaviors or stresses (1, 2) . Sympathetic nerve activity (SNA) is elevated in old age (3) and in cardiovascular-related diseases (4) including hypertension (5, 6) , arrhythmias (7, 8) , obesity, obstructive sleep apnea, and congestive heart failure (9, 10) . An understanding of the diverse cellular and molecular components of SNS control of cardiovascular functions is needed to enhance the search for new targets of cardiovascular disease (CVD) drug therapies.
The SNS consists of preganglionic neurons located in the spinal cord and postganglionic neurons or their neuro-endocrine equivalent (adrenal glands). Although SNA is mainly considered a product of integration by neuronal networks, recent evidence suggests that Gq G protein-coupled receptor (Gq-GPCR) activation in glial fibrillary acidic protein-expressing (GFAP + ) glia (CNS astrocytes and non-myelinating peripheral glia) also contributes to homeostatic control of blood gases (11) (12) (13) and gastrointestinal motility (14, 15) via modulation of local neuronal activity. Recently, we showed that selective activation of Gq-GPCR signaling in GFAP + glia in vivo led to acute changes in autonomic functions, including increases in heart rate and blood pressure (16) . Here, we test the hypothesis that Gq-GPCR activation in SNS GFAP + glia enhances SNS-driven cardiac functions in vivo. To test this hypothesis, we used a transgenic mouse expressing the Gq-coupled DREADD (designer receptor exclusively activated by designer drugs) under control of a GFAP minimal promoter (Gfap-hM3Dq mice; ref. 16 ). The hM3Dq receptor exhibits no constitutive activity and can only be activated by the otherwise bio-inert small molecule clozapine-N-oxide (CNO) (17) , providing a unique model for assessing the role of Gq-GPCR activation in GFAP + cells. Acute CNO administration (0.5 mg/kg) resulted in robust increases in beta-1 adrenergic receptor-mediated heart rate and left ventricular contractility, suggesting activation of the SNS. Pharmacological experiments revealed that these CNO-induced cardiac changes were due to Gq-GPCR activation in GFAP + satellite glial cells (SGCs) in the sympathetic ganglia. Moreover, chronic CNO administration in Gfap-hM3Dq mice led to hypotension. Our data reveal a function of peripheral GFAP + glial Gq-GPCR activation in short-term and
The sympathetic nervous system (SNS) accelerates heart rate, increases cardiac contractility, and constricts resistance vessels. The activity of SNS efferent nerves is generated by a complex neural network containing neurons and glia. Gq G protein-coupled receptor (Gq-GPCR) signaling in glial fibrillary acidic protein-expressing (GFAP + ) glia in the central nervous system supports neuronal function and regulates neuronal activity. It is unclear how Gq-GPCR signaling in GFAP + glia affects the activity of sympathetic neurons or contributes to SNS-regulated cardiovascular functions. In this study, we investigated whether Gq-GPCR activation in GFAP + glia modulates the regulatory effect of the SNS on the heart; transgenic mice expressing Gq-coupled DREADD (designer receptors exclusively activated by designer drugs) (hM3Dq) selectively in GFAP + glia were used to address this question in vivo. We found that acute Gq-GPCR activation in peripheral GFAP + glia significantly accelerated heart rate and increased left ventricle contraction. Pharmacological experiments suggest that the glial-induced cardiac changes were due to Gq-GPCR activation in satellite glial cells within the sympathetic ganglion; this activation led to increased norepinephrine (NE) release and beta-1 adrenergic receptor activation within the heart. Chronic glial Gq-GPCR activation led to hypotension in female Gfap-hM3Dq mice. This study provides direct evidence that Gq-GPCR activation in peripheral GFAP + glia regulates cardiovascular functions in vivo.
long-term cardiovascular regulation. These findings are also the first demonstration to our knowledge of the function of SGCs in sympathetic ganglia.
Results

CNO activates Gq-GPCR signaling pathways in SNS GFAP
+ glia of Gfap-hM3Dq mice. Gfap-hM3Dq mice (16) ( Figure  1A ) were used to activate the Gq-GPCR signaling pathway in GFAP + glia in vivo ( Figure 1B ). Previous studies indicate that hM3Dq expression in Gfap-hM3Dq mice is restricted to GFAP + glia in both the CNS and peripheral nervous system (PNS), including astrocytes in the CNS and ganglionic glia in the PNS (16) . To confirm the functionality of this receptor, we examined whether CNO could induce intracellular Ca 2+ elevation (an event downstream of Gq-GPCR activation; ref. 18) in GFAP + glia in the SNS. First, we examined whether CNO induced intracellular Ca 2+ elevations in astrocytes in the rostral ventrolateral medulla (RVLM), a brain region that contributes greatly to SNA (19, 20) (Figure 1 , C-E). Sulforhodamine 101 (SR-101) is a common astrocyte marker both in situ (16, 21) and in vivo (22) and selectively labels medulla astrocytes in acute brainstem slices in Glt1-eGFP mice (Supplemental Figure 1 ; supplemental material available online with this article; https:// doi.org/10.1172/jci.insight.90565DS1); SR-101 was used in this experiment to label medulla astrocytes from Gfap-hM3Dq mice ( Figure 1C ). OGB-1 was loaded into medulla astrocytes to monitor their cytoplasmic Ca 2+ activity ( Figure 1C ). Three doses of CNO (5, 10, and 20 μM) were bath-applied to brainstems slices; a single brain slice only received one of the CNO doses. Astrocytes that responded with [Ca 2+ ] i elevations to CNO (Figure 1D , asterisks) were counted. At the end of each experiment, a cocktail of Gq-GPCR agonists (DHPG, ATP, carbachol, histamine; 10 μM each; Figure 1D ) was used to reveal the viability of astrocytes in acute slices. The majority of the SR-101 and OGB-1 double-positive astrocytes responded to the agonist cocktail in brainstem slices from Gfap-hM3Dq mice ( Figure 1D ) and littermate control mice; astrocytes that did not respond to agonist cocktail were excluded from further analysis. A maximally effective concentration of CNO increased Ca 2+ in approximately 50% of viable astrocytes ( Figure 1E ), demonstrating hM3Dq expression in brainstem GFAP + glia. No CNO-evoked Ca 2+ elevations were observed in brainstem slices from littermate controls ( Figure 1E ). We next examined whether HA-hM3Dq-expressing SGCs in sympathetic ganglia exhibited CNO-induced intracellular Ca 2+ elevations using superior cervical ganglion explants as a model (Figure 1 , F and G). Gfap-GcaMP3 transgenic mice were developed to monitor Ca 2+ dynamics in ganglionic SGCs (Supplemental Figure 2A ). Superior cervical ganglia were isolated from Gfap-GcaMP3 -/-mice ( Figure 1G and Supplemental Figure 2E ). Na-ATP (10 μM) was used to verify the responsiveness of SGCs and induced similar Ca 2+ responses from the majority of SGCs in ganglia explants from both Gfap-hM3Dq mice and littermate controls ( Figure 1G and Figure 2F ). Interestingly, none of the SGCs responded to a cocktail of common Gq-GPCR agonists including DHPG, histamine, and carbachol (10 μM each) (Supplemental Figure 2D ), suggesting the lack of endogenous GPCRs for these ligands in the SGCs in cultured superior cervical ganglia.
Acute CNO administration in vivo in Gfap-hM3Dq mice leads to beta-1 adrenergic receptor-sensitive, SNS-driven cardiac activation. We next tested whether the CNO-induced tachycardia (16) was due to the activation of SNS (Figure 2A ). SNS regulates heart rate via activation of beta adrenergic receptors (24) , which can be directly blocked by (S)-atenolol (25) . Therefore, we administered 10 mg/kg (S)-atenolol i.p. to Gfap-hM3Dq mice, a dose that reliably blocks isoprenaline (a beta-1 adrenergic receptor agonist) induced tachycardia (25) (Figure 2B , 5 μg/kg BW, 6 tests in 3 mice). CNO injection in Gfap-hM3Dq mice induced significant increases in heart rate compared with their littermate controls (16) (Figure 2C ). Pre-administration of (S)-atenolol 10 minutes prior to CNO (i.p. 0.5 mg/kg) abolished CNO-induced tachycardia in Gfap-hM3Dq mice, suggesting that CNO-induced tachycardia is due to downstream activation of beta-1 receptors ( Figure 2C ). No CNO-induced changes in heart rate were observed in littermate control mice ( Figure 2C ).
SNS activation enhances left ventricle contraction (26) . We examined whether glial Gq-GPCR activation leads to changes in left ventricular contractility in conscious Gfap-hM3Dq mice using echocardiography. Gfap-hM3Dq mice and their littermate controls received CNO injections (0.5 mg/kg, i.p.) 15 minutes Based on these data, we concluded that glial Gq-GPCR activation induced increases cardiac rate and contractility requires SNS activation ( Figure 2G ). CNO-induced tachycardia is due to NE released by cardiac sympathetic nerves as opposed to the adrenal medulla. We next asked whether the CNO-induced tachycardia required sympathetic innervation into the heart. To remove the sympathetic innervation of the heart, we injected Gfap-hM3Dq mice and littermate controls with 6-hydroxydopamine (6-OHDA) to induce peripheral sympathectomy (27) (Figure 3A ). When injected in periphery, 6-OHDA enters noradrenergic terminals via NE reuptake transporters and destroys sympathetic terminals (28) . This treatment spares cholinergic neurons, Schwann cells, non-myelinating glia including ganglionic SGCs, endothelial cells, and adrenal medulla (28, 29) . In both 6-OHDA-injected Gfap-hM3Dq and their littermate controls, tyramine-induced tachycardia was significantly suppressed as compared with those in vehicle-injected controls, indicating successful sympathectomy (29) (Figure 3B ). CNO-induced tachycardia was largely abolished in 6-OHDA-injected Gfap-hM3Dq mice ( Figure 3C ), suggesting that the increases in heart rate following glial Gq-GPCR activation are dependent on sympathetic innervation into the heart. CNO-induced tachycardia in Gfap-hM3Dq mice was unaffected following bilateral adrenalectomy (ADX) ( Figure 3D ). These findings suggest that glial activation-induced tachycardia results from NE release from sympathetic nerve terminal, as opposed to catecholamine release from adrenal glands ( Figure 3E ); these data are consistent with the lack of HA-hM3Dq expression in adrenal glands in Gfap-hM3Dq mice (16) .
CNO-induced cardiac changes in Gfap-hM3Dq mice are due to the activation of peripheral GFAP + glia. CNO is a small molecule that readily crosses the blood-brain barrier (BBB) (17) . Peripheral injections of CNO activate GFAP + glia in the CNS and the PNS, both of which have the potential to modulate SNS-driven cardiovascular functions. Since CNO-induced activation of hM3Dq can be blocked by muscarinic acetylcholine receptor (mAChR) antagonists (17), we used trospium chloride, a peripherally restricted mAChR antagonist (30) , to determine whether the cardiovascular effects of CNO were mediated centrally or peripherally. Experiments were performed to verify that at the dose used, trospium chloride does not inhibit CNO-induced hM3Dq activation in CNS astrocytes. Using 2-photon imaging in vivo (31), we compared astrocytic CNO-induced Ca 2+ elevations in the presence and absence of pretreatment with trospium chloride ( Figure 4A ). We did not find any significant differences in amplitude or frequency of CNO-induced Ca 2+ oscillations between cortical astrocytes with and those without trospium chloride ( Figure 4B , 0.04 Hz vs. 0.043 Hz). These findings indicate that at the dose used, trospium chloride does not block CNO-induced Gq-GPCR activation in CNS astrocytes.
Pretreatment of trospium chloride abolished CNO-induced tachycardia in Gfap-hM3Dq mice ( Figure  4C ). Thus, Gq-GPCR activation in peripheral GFAP + glia, not CNS astrocytes, appears to be responsible for CNO-induced tachycardia in Gfap-hM3Dq mice. Furthermore, blockade of ganglionic transmission with a cocktail of hexamethonium (HEX) and chlorisondamine (CHL) (32) (20 mM and 5 mM, respectively) did not block the CNO-induced cardiovascular phenotype ( Figure 4E ). However, this cocktail of blockers did block the prazosin-induced baroreceptor reflex ( Figure 4D ), demonstrating that the cocktail effectively blocked ganglionic transmission. Collectively, these findings strongly support the hypothesis that the activation of peripheral GFAP + glia mediates CNO-induced increases in heart rate in Gfap-hM3Dq mice ( Figure 4G ). hM3Dq-mediated Gq-GPCR activation in medulla astrocytes does not contribute to CNO-induced tachycardia in vivo. Approaches to selectively activate hM3Dq-mediated Gq-GPCR signaling pathways in CNS astrocytes were devised (Supplemental Figure 3) . Three experimental strategies were used to selectively activate in vivo. GRK, GPCR kinase. (C) OGB-1 loading in SR-101-labeled medulla astrocytes in acute medulla slices (original magnification, 60×; scale bars: 20 μm Figure 3A ). Mice were allowed to recover for 3 weeks before their heart rate responses to 0.5 mg/kg CNO were tested. By immunohistochemistry, mCherry was detected in nearly all medulla astrocytes (Supplemental Figure 3B ), demonstrating that hM3Dq was expressed in the vast majority of medulla astrocytes. However, no change in heart rate was observed in viral vector-injected mice following injections with up to 2 mg/kg CNO (8 mice total, data not shown). Second, AAV8-DIO-GFAPhM3Dq-mCherry was injected into the cisterna magna of Gfap-Cre mice in order to express hM3Dq in CNS astrocytes (33) (Supplemental Figure 3C ). Three weeks after injection, mice were tested for CNO-induced heart rate changes in vivo (up to 2 mg/kg); no CNO-induced heart rate changes were detected in vivo (data not shown). These mice were then sacrificed to obtain acute brainstem slices. CNO-induced Ca
2+
responses in medulla astrocytes were tested as a functional measure of hM3Dq expression in situ. More than half (~65%) of medulla astrocytes exhibited CNO-induced intracellular Ca 2+ elevations (Supplemental Figure 3D ), similar to the percentage of CNO-responding cells in Gfap-hM3Dq mice in situ ( Figure 1E ). Third, bolus-injections of CNO (0.5 mM, 20 μl) into cisterna magna of Gfap-hM3Dq mice (Supplemental Heart rate recordings showed that 10 mg/kg (S)-atenolol blocked isoprenaline-induced increases in heart rate in C56BL/6J mice in vivo (6 recordings/2 mice). (C) CNO-induced significant increases in heart rate in Gfap-hM3Dq mice over 15 minutes compared with littermate controls (n = 5-7 mice in each group; 2-way ANOVA, ***P < 0.0001, time and genotype interaction between Gfap-hM3Dq and littermate controls), which were blocked by (S)-atenolol in vivo (2-way ANOVA, ### P < 0.0001, time and treatment interaction between two Gfap-hM3Dq groups). Saline or atenolol were injected 10 minutes before CNO. (D) CNO-induced increases in left ventricle functions 15 minutes after CNO injections. Saline or atenolol was injected 10 minutes before CNO. (E) Significant increases in ejection fraction (EF) and (F) fraction shortening (FS) after CNO administration in Gfap-hM3Dq mice (unpaired t test; **P < 0.01 between littermate control and Gfap-hM3Dq mice, also between two Gfap-hM3Dq groups; n = 10 for each genotype), which were blocked by (S)-atenolol pretreatment (unpaired t test; ****P < 0.00001 between the two Gfap-hM3Dq groups; n = 10 for each genotype). (G) Schematic model for potential mechanisms (red lines) underlying CNO-induced cardiac changes in vivo in Gfap-hM3Dq mice. nAChR, nicotinic acetylcholine receptors; SPGN, spinal preganglionic neurons. Peripheral chemical sympathectomy largely suppressed tyramine-induced tachycardia in both littermate control mice (**P = 0.0017) and Gfap-hM3Dq mice (****P < 0.0001), indicating successful sympathectomy (unpaired t test; n = 5-16 for each group). (C) Peripheral chemical sympathectomy blocked CNO-induced tachycardia (n = 8-10 for each group; 2-way ANOVA, ***P = 0.0003, time and genotype interaction between vehicle-injected Gfap-hM3Dq mice and littermate controls; ### P < 0.0001, time and treatment interaction between vehicle-and 6-OHDA-injected Gfap-hM3Dq mice). (D) Bilateral adrenalectomy did not block CNO-induced changes in heart rate (n = 7-10 for each group; 2-way ANOVA, ***P < 0.0001, time and genotype interaction between vehicle-injected Gfap-hM3Dq mice and littermate controls). (E) Schematic model for CNO-induced, SNS-regulated cardiac changes in vivo in Gfap-hM3Dq mice. Red highlights the mechanism underlying CNO-induced changes in heart rate and left ventricle functions. Figure 3F ) also failed to increase heart rate (Supplemental Figure 3G) . In summary, selective activation of hM3Dq-transduced brainstem astrocytes by CNO had no detectable effect on the heart rate in our experimental model. Therefore, activation of CNS GFAP + glia does not appear to be responsible for the cardiovascular phenotypes elicited by CNO in Gfap-hM3Dq mice. Figure 5B ). In the sympathetic ganglia, Cre recombinase activity was detected in a subset of ganglionic SGCs as well as in myelinating Schwann cells ( Figure 5C ). Significant increases in heart rate were observed in P0-Cre -/fl mice following CNO injection (0.5 mg/kg, i.p.) ( Figure 5D ). These data further supported the hypothesis that the activation of Gq-GPCR signaling pathways in peripheral GFAP + glia leads to increases in heart rate. No CNO-induced changes in left ventricular contractility (EF or FS) were observed ( Figure 5E ).
Gq-GPCR activation in peripheral GFAP
Purinergic signaling between ganglionic SGCs and sympathetic neurons does not mediate CNO-induced increases in heart rate in vivo.
Studies in sensory ganglia suggest potential purinergic signaling between SGCs and ganglionic neurons, which results in acute activation of neuronal activity (37) . To test whether purinergic receptor activation is responsible for CNO-induced glial-neuronal interaction in sympathetic ganglia, we injected a nonselective P2 purinergic antagonist (PPADs) or a selective antagonist of P2X3 and P2X2/3 receptor (A-317491) into Gfap-hM3Dq mice 10 minutes prior to 0.5 mg/kg CNO administration. A-317491 did not abolish CNO-induced tachycardia in Gfap-hM3Dq mice in vivo ( Figure 4F ), suggesting that P2X3 receptor activation is unlikely to be the mechanism through which Gq-GPCR activation in SGCs regulates ganglionic neuronal activity. PPADs significantly suppressed but did not abolish CNO-induced tachycardia ( Figure 4F ), suggesting partial involvement of ATP. Moreover, we tested whether CNO-induced heart rate responses in vivo were altered in Gfap-hM3Dq mice crossed to d/nSNARE mice (38) or Cx43/Cx30 double knockout mice (39, 40) . d/nSNARE mice express the cytosolic portion of the SNARE domain of synaptobrevin 2 selectively in GFAP + glia (38) and have shown attenuated glial-driven purinergic currents in single cells isolated from brain slices (41) . Cx43 hemichannels mediate Ca 2+ responses in sensory SGCs (42) and contribute to the passage of ATP (43) . The tachycardia elicited by CNO administration in both Gfap-hM3Dq
-/-mice and Gfap-hM3Dq::d/nSNARE::tTA mice was comparable to that observed in Gfap-hM3Dq mice ( Figure 4F ). Accordingly, CNO-induced increases in ganglionic neuronal activity in vivo are unlikely to result from ATP release.
We next asked whether adenosine receptor activation is responsible for CNO-induced tachycardia in Gfap-hM3Dq mice. CNO administration (0.5 mg/kg) increased heart rate in Gfap-hM3Dq::A1R -/-mice and Gfap-hM3Dq::A2aR -/-mice ( Figure 4F ), suggesting that CNO-induced tachycardia is not mediated by A1R or A2aR activation. Administration of an adenosine A1R blocker (DPCPX, 1 mg/kg) 10 minutes prior to CNO administration also failed to block CNO-induced tachycardia in Gfap-hM3Dq mice in vivo ( Figure 4F ), further supporting the suggestion that adenosine receptor activation is not responsible for CNO-induced tachycardia.
Chronic activation of Gq-GPCR signaling in GFAP + glia leads to hypotension in female Gfap-hM3Dq mice. We next asked whether chronic CNO-induced Gq-GPCR activation in ganglionic SGCs leads to long-term changes in cardiac functions ( Figure 6A ). Gfap-hM3Dq mice and their littermate controls received CNO (0.5 mg/kg, i.p.) twice a day for 2 weeks; and their left ventricle functions and blood pressure were assessed between 2 and 3 days after the last CNO injection ( Figure 6B ). Chronic CNO administration resulted in a gradual decrease in body weight of Gfap-hM3Dq animals but not of littermate controls in both female and male animals ( Figure  6C and Figure 7A , respectively); this effect could be due to increases in intestinal motility (15) . Chronic CNO treatment resulted in hypotension in female Gfap-hM3Dq animals but not in littermate controls. The effect of chronic CNO persisted well after cessation of CNO injections ( Figure 6D ), suggesting that overactivation of Gq-GPCR signaling in peripheral glia might contribute to cardiovascular dysfunction. Moreover, echocardiogram recordings revealed increased left ventricle diameter at the end of diastolic cycle in female Gfap-hM3Dq mice ( Figure 6E ) as compared with the female littermate controls, resulting in larger left ventricle volume at the end of diastolic cycles in CNO-treated female Gfap-hM3Dq mice ( Figure 6F ). These structure changes, however, did not result in significant changes in the left ventricle functions, including EF and FS ( Figure 6 , G and H, respectively) in female Gfap-hM3Dq mice. No significant enlargement of the left ventricle (data not shown) or changes in the weight of the heart were detected ( Figure 6I ). In contrast, chronic CNO treatment did not lead to significant changes in the blood pressure of male Gfap-hM3Dq mice ( Figure 7B ). No changes in left ventricle diameter ( Figure 7C ), volume at the end of the diastolic cycle ( Figure 7D ), left ventricle functions ( Figure 7 , E and F), or heart weight ( Figure 7G ) were observed in CNO-treated male animals.
Discussion
Glia-neuron interactions in the sympathetic ganglia. Our findings demonstrate that SGCs in the sympathetic ganglia are capable of regulating cardiac functions and blood pressure following their Gq-GPCR activation, suggesting a role for peripheral GFAP + glia in regulating cardiovascular functions. SGCs are the main type of glia in autonomic ganglia (44) . In sympathetic and parasympathetic ganglia, SGCs form envelopes around individual neurons and synapses (44) , creating a distinct functional unit consisting of a single ganglionic neuron and surrounding SGCs (45) . SGCs express receptors for neurotransmitters (46, 47) , potassium channels (48, 49) , and neurotransmitter transporters (50, 51) , suggesting active roles in controlling the chemical environment critical for neuronal activation. However, the ability of sympathetic SGCs to regulate ganglionic neuronal activity has never been directly tested, likely due to the inability to selectively activate SGCs without also activating neurons. To overcome this obstacle, we took advantage of DREADD technology and generated Gfap-hM3Dq transgenic mice (16) .The engineered GPCR approach has been used by others to identify novel signaling pathways that play critical physiological roles in vivo (52) (53) (54) . For example, Jain et al. used hM3Dq transgenic mice to demonstrate that Gq-GPCR signaling in pancreatic β cells led to activation of ERK1/2 and IRS2 signaling; this activation led to markedly improved β cell function (55) . Recent studies where Gfap-hM3Dq was used to activate enteric glia revealed novel mechanisms of glial regulation of gastrointestinal functions (15, 56) . In combination with pharmacological agents and by using in situ models, Gfap-hM3Dq mice serve as a useful model to study GFAP + glial functions in complex tissues and in intact animals. How does SGC Gq-GPCR activation in the sympathetic ganglia lead to increases in cardiac activity? Our data suggest that it is likely due to direct activation of ganglionic neurons. Bidirectional purinergic signaling has been proposed to mediate sensory satellite glia-neuron interaction in the dorsal root ganglia via the activation of neuronal homomeric P2X3Rs and heteromeric P2X2/3Rs (57) . In the sympathetic ganglia, P2XR expression is highly species-(58) and age-dependent (59). In our study, selective blockers for P2X3Rs and P2X2/3Rs failed to block CNO-induced tachycardia in Gfap-hM3Dq mice ( Figure 4F ), suggesting the lack of involvement of P2X3Rs in SGC-neuron interaction in the sympathetic ganglia following glial Gq-GPCR activation. However, PPADs showed a partial block effect on CNO-induced tachycardia ( Figure 4F ). This is consistent with previous report that in rat superior cervical ganglia, neurons respond to extracellular ATP mainly via P2YRs (47). Therefore, it is possible that CNO-induced SGC activation increases ganglionic neuronal activity via P2YR-mediated mechanisms. 2+ activity in cortical astrocytes in response to CNO i.p. administration, with or without i.p. trospium chloride injection (7 cells per condition, 2 repeats). (C) Trospium chloride, when administrated i.p., abolished CNO-induced increases in tachycardia (2-way ANOVA, n = 8-11 for each group; ***P < 0.0001, interaction between saline-treated Gfap-hM3Dq mice and littermate controls; ### P < 0.0001, interaction between saline-and trospium-treated Gfap-hM3Dq mice). (D) A cocktail of ganglionic blockers decreased baseline heart rates and blocked prazosin-induced tachycardia in both Gfap-hM3Dq and littermate control mice (n = 8-9 for each group). (E) The cocktail of ganglionic blockers did not block CNO-induced tachycardia in Gfap-hM3Dq mice (2-way ANOVA, ***P < 0.0001, interaction between blocker-treated Gfap-hM3Dq mice and littermate controls, n = 8-10 for each group). (F) CNO administration (0.5 mg/kg, s.c.) led to increases in heart rate in -/-mice (n = 3). Perturbing purinergic signaling with selective antagonists failed to block CNO-induced tachycardia in Gfap-hM3Dq mice; antagonists included P2X3 and P2X2/3 receptor antagonist (A-317491; n = 3) and adenosine A1 receptor antagonist (DPCPX; n = 3). Pre-block using nonselective P2 purinergic antagonist reduced but did not abolish CNO-induced tachycardia (PPADs; Mann-Whitney U test, *P < 0.01, n = 3). (G) Schematic model for CNO-induced, SNS-regulated cardiac changes in vivo in Gfap-hM3Dq mice. How does SGC Gq-GPCR activation activate neuronal P2YRs? It has been suggested that intracellular Ca 2+ responses in GFAP + glia trigger ATP release via vesicular-dependent mechanism (11) or through Cx43 hemichannels (60) . In our study, CNO-induced tachycardia persisted in mice lacking Cx43 and Cx30 (39, 40) as well as in mice expressing a dominant/negative mutation of synaptobrevin (d/nSNARE) in GFAP + glia (38) , suggesting that SGC modulation of ganglionic neuronal activity does not involve the release of ATP through one of these mechanisms. On the other hand, SGCs can potentially regulate extracellular ATP concentration without directly releasing ATP. SGCs express enzymes for breaking down ATP (61, 62) and its metabolites (63, 64) , which directly regulate neuronal excitability (46, 65, 66) . Therefore, it is possible that Gq-GPCR activation in ganglionic SGCs modulates the concentration of extracellular ATP and in turn active neuronal P2YRs.
It has also been suggested that astrocytes release ATP that is rapidly converted to adenosine that then modulates neuronal activity through the activation of either A1 receptors (A1R) or A2a receptors (A2aR) (67, 68) . Our study shows that CNO-induced tachycardia remains intact in Gfap-hM3Dq mice lacking A1R or A2aR (69, 70) , suggesting that SGC Gq-GPCR activation-induced changes in ganglionic neuronal activity do not depend on adenosine receptor activation in neurons.
In addition to purinergic signaling, SGCs express much of the same machinery that CNS astrocytes utilize to regulate nearby neuronal and synaptic activity. Astrocytic Gq-GPCR activation potentiates glutamate and potassium (K + ) uptake (71), two key processes that regulate neuronal excitability. Sympathetic SGCs express inward rectifying potassium channels (Kir) (48, 72, 73) and glutamate transporters (74, 75) . It is possible that SGC Gq-GPCR signaling regulates the excitability of postganglionic neurons via the modulation of these channels and transporters. Sympathetic SGCs also express GABA transporters (76, 77) , which have been shown to regulate extracellular GABA concentration in a Ca 2+ -dependent manner in astrocytes (78) . These endogenous mechanisms can function independently of nicotinic ganglionic transmission, which is not responsible for the cardiovascular phenotypes induced by SGC Gq-GPCR activation in Gfap-hM3Dq mice ( Figure 4E) .
Peripheral versus central glial activation in sympathetic activation. CNO injections in
Gfap-hM3Dq mice activate Gq-GPCR signaling pathways in CNS astrocytes and other peripheral GFAP + glia. Increasing cytoplasmic Ca 2+ in brainstem astrocytes triggers robust respiratory responses (11) and increases SNA activity (12) in vivo. Therefore, we tested whether astrocytic Gq-GPCR activation contributed to observed phenotype in Gfap-hM3Dq mice. Pharmacogenetic activation of Gq-GPCR signaling and subsequent Ca 2+ elevations in brainstem astrocytes did not increase heart rates in Gfap-hM3Dq mice (Supplemental Figure 3) . These data are consistent with the lack of CNO-induced tachycardia when peripheral mACh antagonist was pre-administered ( Figure 4C ), or CNO-induced tachycardia in the presence of ganglionic blockers ( Figure 4D ).
As hM3Dq is also expressed in SGCs in the sensory ganglia, it is worth considering the possibility that sensory glial cells contribute to the observed phenotype. Activation of sensory SGCs positively regulates neuronal activity (79) and contributes to hyperalgesia and chronic pain (80) (81) (82) (83) . Sciatic nerve stimulation induces pressor responses and elicits tachycardia and blood pressure increase via SNS activation in rat (84, 85) . However, unpublished findings in our laboratory indicate that CNO administration in Gfap-hM3Dq mice leads to a decrease in nociception and a reversal in inflammation-induced hyperalgesia; these phenotypes were abolished in Gfap-hM3Dq mice lacking A1R or A2aR (data not shown). These data further support the conclusion that sensory SGC activation is not responsible for CNO-induced SNS activation in Gfap-hM3Dq mice. Last, we considered the possibility that decreased sensory reflex leads to acute increases in SNS-induced functions. However, such somatosensory reflex requires ganglionic transmission (84, 85) , which is not required for CNO-induced tachycardia ( Figure 4E) . Therefore, the activation of sensory SGCs does not appear to be responsible for CNO-induced cardiac phenotypes in Gfap-hM3Dq mice.
It is also possible that hM3Dq is expressed in GFAP + type II cells in the carotid bodies (86, 87) and that these cells modulate the activity of type I neurons via bidirectional purinergic signaling (88) . Type I neuron depolarization could lead to CNS-mediated chemoreflexes, including hyperventilation, sympathoexcitation and increases in blood pressure (89) . However, just like somatosensory reflex, these central actions require amygdala. (C) A small subset of SGCs in the sympathetic ganglia also exhibit Cre recombinase activity in P0-Cre mice. ::hM3Dq +/-mice were subjected to 1.5% isoflurane, and their heart rates were decreased by ~20% compared with unanesthetized mice. Isoflurane anesthesia generally decreases sympathetic nerve activity to target organs (91) , which may have contributed to the more profound influence of CNO-induced sympathetic activation on heart rate.
Do satellite glia play a role in neurogenic CVDs? SGCs exhibit changes during aging (92) and in response to sympathetic overactivation (93) . In rat superior cervical ganglia, both preganglionic electrical stimulation and beta adrenergic receptor agonist administration induce cAMP synthesis in SGCs (93) . In these studies the (94) , suggesting a possible link between signaling events in SGCs and the risk of CVD. However, the causative link between SGC activation and abnormalities in cardiovascular outcomes has not been directly explored. We asked whether selective activation of Gq-GP-CR signaling in SNS glia but not neurons led to changes in cardiovascular function. Chronic CNO administration led to hypotension and significant increases in left ventricle diameter and volume at the end of the diastolic cycles in female Gfap-hM3Dq mice ( Figure 6 ); these findings suggest that glial activation alone plays an important role in long-term sympathetic control of heart and vessel function. Despite acute increases in blood pressure in response to a single i.p. injection of CNO in Gfap-hM3Dq mice (16), chronic glial activation induced hypotension in female Gfap-hM3Dq mice ( Figure 6 ). This could be attributed to homeostatic changes in the central set-point for blood pressure in response to increases in blood pressure via peripheral feedback. In humans, hypertensive females, but not hypertensive males, show a significant reduction in baroreceptor reflex sensitivity with age while sympathetic tone increases (95) . In addition, the hypotension phenotype we observed also could be occurring at the expense of left ventricle dilation ( Figure 6 ) and possible changes in blood volume. Although it is well know that there are sex differences in sympathetic activity, blood pressure regulation (96) (97) (98) , and CVDs (97), the majority of the animal studies of cardiovascular regulation and disease use male animals exclusively. Our data suggest that females may exhibit greater homeostatic regulation on blood pressure in response to increased blood pressure compared with their male counterparts. We aim in the future to explore the sex differences in glial-induced blood pressure regulation in our future studies.
Sympathetic overactivation is known to cause tachycardia, left ventricular dysfunction and hypertrophy, neurogenic hypertension, and insulin resistance (6). Our findings suggest that ganglionic SGCs might serve as a target in the peripheral system for manipulating heart and blood vessel function. SGCs in the sensory ganglia have been targeted for adenoviral gene therapy in animal models of chronic pain (99) (100) (101) . In humans, injections into sympathetic ganglia are commonly performed without major side effects (102) (103) (104) . Based on our study, SGCs Gq-GPCR signaling may offer strong therapeutic potential for suppressing sympathetic overactivation in treating neurogenic CVDs. 
Methods
Animals
Gfap-hM3Dq mice (16) ( Figure 1A ) were maintained on a C57BL/6J background, and all tests were performed on N11 to N15 generational backcrossed mice. In all experiments, hM3Dq-negative littermates were used as controls. For Ca 2+ imaging experiments, Gfap-hM3Dq mice were crossed to Gfap-GCaMP3 mice to generate Gfap-hM3Dq +/-::Gfap-GCaMP3 +/-mice. Gfap-GCaMP3 mice were generated as follows: the coding sequence for GCaMP3 (105) (a gift from L. Looger; Addgene, plasmid 22692) was cloned into the plasmid pTg1 (courtesy of R. Thresher, UNC-CH) upstream of the post-translational enhancer sequence from the woodchuck hepatitis virus (WPRE) and poly(A) sequence from SV40. The 2.2-kb human GFAP promoter from pGfa2Lac1 (courtesy of M. Brenner, University of Alabama at Birmingham, Birmingham, Alabama, USA) was placed upstream of the intron-GCaMP3-WPRE-pA sequence in pTg1 (Supplemental Figure 2A ). This DNA construct was then injected into C57BL/6J embryos by the Animal Models Core Facility at UNC-CH. Gfap-GCaMP3 mice were backcrossed to C57BL/6J mice for at least 5 generations before being used in experiments or bred to Gfap-hM3Dq mice.
Gfap-Cre mice were obtained from the Jackson Laboratory (JAX; stock no. 024098). Glt1-eGFP mice (106) (GLT1: EAAT2, slc1a2, a glutamate transporter) were obtained from J.D. Rothstein (Johns Hopkins University, Baltimore, Maryland, USA).
P0-Cre (P0: myelin protein zero) (90) mice were obtained from JAX(stock no. 017927) and bred to R26-LSL-hM3Dq mice (34) (gift from B.L. Roth, UNC-CH). P0-Cre mice were also bred to Rosa26 flex switch OFP-L10a EGFP (TRAP) mice (36) (gift from M.G. Caron, Duke University, Durham, North Carolina, USA) to verify the Cre-expressing population.
Mice that conditionally express a dominant-negative domain of vesicular SNARE VAMP2/synaptobrevin2 (d/nSNARE) under the control of the GFAP promoter were generated by crossing Gfap-tTA transgenic mice (107) 
In vivo measurements for cardiovascular functions
All cardiovascular measurements were performed during the active/dark period (between 8 am and 6 pm). Noninvasive recordings of heart rate and pulse distention were measured with a MouseOx pulse oximeter (Starr Life Science) under 1.5% isoflurane (Piramal Healthcare) anesthesia while body temperature of the mice was maintained at 37°C. Conscious echocardiography was performed by the UNC Animal Surgery Core Lab using Vevo 2100 (VisualSonics). Common parameters for left ventricular functions such as ventricle wall thickness, EF, and FS were analyzed using Vevo 2100 version 1.6.0. In all in vivo experiments, saline or 0.5 mg/kg CNO was administered via intraperitoneal injection (100 μl/25g BW, i.p.) or subcutaneous injection (25 μl/25 g BW, s.c.) depending on the body position of the animal. Experiments were terminated 15 minutes after CNO injections unless otherwise indicated. Investigators were blinded to the genotype during experiments and analysis of the experimental outcome.
Pharmacogenetic and pharmacological manipulations
CNO (powder form, provided by the NIH through B.L. Roth) was dissolved in DMSO at 1 mg/ml and then diluted in physiological saline for s.c. and i.p injections (0.125% final DMSO concentration). For chronic CNO treatment, animals received i.p. injections of 0.5 mg/kg CNO (diluted in physiological saline, with 0.125% DMSO) twice a day, 4 hours apart during their active period (108) . Pharmacological agents used in this study and their working concentrations are provided in Table 1 .
Heart weight
After assessment of heart functions at the end of chronic CNO administration, mice were sacrificed and Downloaded from http://insight.jci.org on October 24, 2017. https://doi.org/10.1172/jci.insight.90565 their hearts and tibiae isolated using standard methods. Tissues were rinsed in cold 1× PBS 3 times to remove blood. Hearts and tibiae were then left in a dry oven (80°C) overnight. The dry weight of the hearts and dry length of the tibiae were recorded in the morning of the following day. Investigators were blinded to the genotype during the measurements.
Chemical sympathectomy
Chemical sympathectomy was performed by two 6-OHDA (150 mg/kg in 0.1% ascorbic acid, i.p.) injections 3 days apart (27) to trigger sympathetic denervation in peripheral organs including heart. The alpha adrenergic receptor blocker phentolamine (150 μg/kg, i.p.) was injected with the first 6-OHDA injection to protect animals from massive release of catecholamines associated with 6-OHDA administration (27) . Vehicle-injected Gfap-hM3Dq and littermate control animals received two 0.1% ascorbic acid injections and a phentolamine injection. The effectiveness of sympathectomy was determined by assessing tyramine-induced (100 μg/kg, i.v.) tachycardia before and after chemical sympathectomy. Effective chemical sympathectomy was defined as an 85% or greater suppression of tyramine-induced tachycardia (27, 29) . Cardiovascular in vivo measurements were performed 24 hours after the second 6-OHDA injection (27) .
ADX
ADX surgeries were performed as described by M. van den Buuse et al. (109) . In brief, anesthetized mice (1.5% isoflurane) were placed in ventral recumbency. A 1-cm dorsal midline incision was made with its midpoint centered over the last rib. The muscle wall on either side of the spinal column was pierced with blunt forceps; the adrenal glands were located, then removed. Skin incisions were closed with liquid suture and stainless steel wound clips. Sham-operated animals went through the same manipulation except their adrenal glands were manipulated and left intact. Carprofen (5-10 mg/kg) was administered s.c. for 3 days after surgery. Adrenalectomized mice were maintained with ad libitum 0.9% sodium chloride drinking water containing 25 mg/l corticosterone and 0.2% EtOH (to dilute corticosteroid) (109), whereas sham-operated mice received regular drinking water containing 0.2% EtOH.
Viral expression of hM3Dq
AAV8-DIO-GFAP-hM3Dq-mCherry injections into brainstem. AAV8-DIO-GFAP-hM3Dq-mCherry (3 × 10 13 virus molecules/ml, 1.5 μl) was bilaterally injected into the medulla of Gfap-Cre mice. The medulla was located using stereotaxic coordinates: from the bregma -6.74 ± 0.1 mm caudal, 1.4 ± 0.1 mm lateral, and 5.7 mm ventral. This was accomplished using a rodent stereotaxic frame fitted with an isoflurane gas mask adaptor for mice (Kopf). The expression of hM3Dq in medulla astrocytes was later confirmed by increases in [Ca 2+ ] i in response to bath CNO application in acute brain slice preparation, or by overlapping mCherry and GFAP immunoactivity in brainstem tissues. After adeno-associated virus (AAV) injection, mice were (21) to a final concentration of 0.5 mM. After 5 minutes of stable baseline of cardiovascular recordings using the STARR system, the recordings were paused, and 20 μl CNO was injected as a bolus into the cisterna magna. This was accomplished by lowering a 30-gauge needle approximately 1 mm into the cisterna magna at an angle of 45 degrees while maintaining isoflurane anesthesia. An equal volume of DMSO/ACSF was used as a control solution. After injection, the needle was retracted, and the cardiovascular recordings were immediately resumed. This procedure was used to deliver AAV into the CSF; injection of dyes using this procedure leads to staining in most regions of CNS (110, 111) .
In situ brainstem slice preparation and Ca 2+ imaging
Acute mouse brainstem slices were prepared from P20-P30 mice. Briefly, mice were anesthetized using isoflurane and decapitated. 350-μm coronal slices were cut using a Leica VT1000 vibratome in ice-cold, nominally Ca 2+ -free cutting buffer (21) . Slices were incubated for 45 minutes at 35°C in low-Ca 2+ ACSF (21) . SR-101 (1 μM, Sigma-Aldrich) was added into the low-Ca 2+ ACSF for the first 30 minutes to label astrocytes. Slices were then transferred and kept in 3 mM [K + ] ACSF at room temperature (21) . Experiments were conducted in the standard ACSF at room temperature. All solutions were continuously aerated with 95% O 2 /5% CO 2 .
All of the Ca 2+ imaging experiments were performed on a confocal microscope equipped with a 643-RYB-A02 S/N 1045 laser (Melles Griot) and a 60×, 0.9 NA objective. GCaMP3 and SR-101 signals were collected simultaneously in all the recordings. Field recordings were performed to detect Ca 2+ activity in brainstem astrocyte processes at a frame rate of 1.1 seconds (0.9 Hz). FluoView was used for image analysis and to analyze Ca 2+ dynamics from cell soma. Ca 2+ responses were defined as fluxes at least 2 standard deviations above the averaged 30-second baseline value.
Superior cervical ganglia explant cultures and Ca 2+ imaging
Primary cultures of sympathetic ganglia explants were prepared from P30-P45 mice. In brief, mice were sacrificed by isoflurane overdose and decapitated. Superior cervical ganglia were dissected out and treated with collagenase (1 mg/ml) for 20 minutes at 37°C. The ganglia were then plated on collagen-coated glass slides in medium containing 50 ng/ml 2.5S NGF, 10% FCS, 2 mM glutamine, and 100 mg/ml penicillin in Eagle's minimum essential medium with Earle's salts (Life Technologies Inc.). Ganglia were allowed to attach and grow on coverslips for at least 5 days before experiments. Images were collected using the same setup and software as those used for in situ brainstem slice preparation.
AAV injection for expression of GCaMP6 and 2-photon imaging through polished, reinforced thinned-skull optical windows P45-P90 Gfap-hM3Dq mice were anesthetized with 1.5% isoflurane, and a vertical incision was made over one side of the primary visual cortex. A glass pipette containing AAV8-GFAP-Lck-GCaMP6s (1.5 × 10
12
) was lowered through thinned skull into visual cortex, and AAV was injected using a Harvard Apparatus 11 Plus pump and a syringe-to-pipette coupling system. The incision was sealed with Vetbond and a surgical staple, covered with antibiotic ointment. The mice were given a single injection of antibiotic s.c. (ciprofloxacin, 5 mg/kg body weight) and allowed to recover for 4 weeks. Polished, reinforced thinned-skull (PoRTS) optical windows were prepared as previously described (31) , and mice were allowed to recover for 5 days. Using a PoRTS optical window, Ca 2+ activity in cortical astrocytes at 200-to 250-μm depth can be imaged multiple times over several weeks (31) . A custom 2-photon microscope, converted from an Olympus Fluoview 300 system, with a 60×, 0.9 NA water-immersion objective and Hamamatsu photomultiplier tubes, was used for imaging. Images were acquired using Fluoview 300 software at 1-2 Hz.
Immunohistochemistry
Immunohistochemistry staining was performed according to standard protocols. Superior cervical ganglia, hearts, or brain tissues were harvested from mice perfused with ice-cold 4% PFA, and samples were postfixed in 4% PFA at 4°C overnight. After cryoprotection, all samples were frozen and cut to 20-μm sections on a cryostat or a Leica SM2010R microtome. Blocking solution contained 10% donkey serum and 0.05% Triton X-100 (brain slices) or 0.2% Triton X-100 (peripheral tissues) in 1× PBS. Primary antibodies used are listed in Table 2 . Alexa Fluor secondary antibodies (1:500) were purchased from Invitrogen. Stained sections were viewed with a 40× or 60× oil objective on an Olympus confocal microscope using FluoView.
Statistics
For all heart rate recordings, data were collected at 15 Hz and averaged using 1-minute bins. To control for the variability of baseline heart rates, each animal's heart rates were normalized to their baseline heart rate, which was calculated from the whole minute before CNO injection. Normalized heart rates (Δ heart rate) were then presented over time. All data are presented as mean ± SEM. Data were analyzed using either unpaired t test or 2-way ANOVA with genotype and treatment as between-subject factors. When appropriate, individual parameters of data were compared using 2-tailed t test analysis. For all comparisons, an α of 0.05 was selected (*).
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